INTRODUCTION
The Yagi-Uda or Yagi antenna typically consists of 2 to about 20 half-wave dipole elements at HF or VHF. The
Yagi array consists of a single driven element with all other elements being parasitic. Usually there is only one reflector element on one side of the driven element with the rest of parasitic elements being directors deployed in line on the other side of the driven element.
The theoretical maximum gain of any n element closespaced uniform array antenna is achieved when the element excitations are such that n-1 nulls are formed in positions that maximally suppress radiation in all directions other than the main beam [ 11. If the elements remain sufficiently close spaced (less than about 0.4 h say) the gain is found to essentially unaffected as the element spacing is varied keeping the overall length of the antenna the same and the null angles the same. This paper considers the case of linear arrays with uniform element spacings only and assumes that the results obtained are well representative also of the non-uniform linear arrays with the same null angles and the same overall length. For comparison with the Yagi, which has an end fire pattern, the driven element arrays are always adjusted to give the main lobe in the end fire direction. This paper confirms that the maximum directivity is found when the antenna elements are infinitely close together, and this corresponds to maximum "superdirectivity" with a very small matched bandwidth. The pattern is however retained over all frequencies for which the antenna has close-spaced elements.
The purpose of this paper is to compare existing measured and simulated Yagi patterns and forward gains (directivities) with those for the equivalent all driven linear array. Where the gain difference is observed to be appreciated then some trial an error adjustment of the computer model (null positions) is made so that this may be explained. The simulation also presents the element excitation currents for the ideal driven array case for comparison with Yagi element currents where these are known.
SIMULATION METHOD

1
A simple computer programme has been devised that can predict element excitations to give an antenna pattern with perfect nulls in prescribed directions. The programme is implemented as an annotated Mathcad worksheet as shown in Figure 2 at the end of the paper.
For a given set of null positions the simulation calculates the maximum gain by integration of the computed antenna pattern over the surface of a distant sphere centred on the antenna. The assumption then is that if the nulls of the driven array are placed in approximately the same direction as observed for the Yagi nulls the gains of the two antennas should be similar. However because the Yagi nulls are not usually perfect the Yagi gain will be slightly less than for the equivalent driven array. Nulls that are not perfect but more than lOdB deep give essentially no reduction in overall antenna gain; enough of the unwanted radiation is then suppressed.
In a Yagi antenna element excitations can be varied by adjusting the lengths of the dipole elements to be longer than the resonant length in the case of the reflector element or shorter than the resonant length in the case of the director. In this way nulls are created in positions that allow the forward gain to be optimised. It is found that inter-element spacing has very little effect on the overall gain for a given overall antenna length although some re-tuning of the element lengths is required if the spacings are varied (for optimum gain).
In practice realisable values of inter-element coupling in a Yagi restrict the possible set of element excitations that can be achieved by parasitic coupling. This means that the resulting n-1 pattern nulls of an n element array cannot in general be of infinite depth and cannot all be placed in the optimum directions. Thus the gain of a Yagi cannot be greater than the gain of an optimised all driven element array. Davies [2] introduced the concept of a pyramid or 'tree' network for feeding the elements of a multi-element nulling antenna. The weights in each row of the tree can be set to control one of the n-1 nulls available from an n element antenna. In the special case of a linear array with uniform element spacing, each weight can become a simple phase shifter to adjust the 'phase weight' of one path in the tree. The arrangement is shown in Figure  1 .
PRINCIPLES OF OPTIMUM UNIFORM PHASED ARRAYS
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Essentially this kind of antenna can be regarded as the successive superposition of identical pairs (or pairs of pairs) of elements. For the uniformly spaced array the phase weights for every path in a given row are set to the same value. The value is calculated to set the null of an adjacent pair of elements to be in one of the desired null directions. In the first row n-1 phase shifters are needed, in the second n-2 and so on until the last row where only a single phase shifter is required.
UNIFORM LINEAR ARRAY:
-with independent far-field nulls 
Figurel: -Principle of Uniform Phased Arrays using Null Steering
Because of the symmetry and degeneracy inherent in a impedancies is possible if the mutual impedances uniform array the order in which the nulls are between all the elements are known. In the transmit implemented in the rows is arbitrary. The resulting case the matching, phasing and power splitting antenna pattern remains exactly the same irrespective networks become very complicated if losses are to be of this order.
minimised.
All but the two end elements of the array have more than one excitation path from the transmitlreceive part.
In fact the number of paths follows the binomial coefficients of Pascal's triangle when going from one end of the array to the other.
If desired the combined paths for a given element can be computed to give a resultant weight for the excitation of that element. In general the amplitudes do not then follow the binomial series. However it is found that the magnitudes of the weights do follow the binomial series when all nulls are placed at the same angle whatever that might be. Also then there is the possibility of only one backward lobe and there are no sidelobes.
If the phase weights in the Davies tree are implemented by lengths of transmission line the null positions can be made to be entirely independent of frequency. However unfortunately the input impedance of each element depends on frequency even if broadband when considered on its own. Computation of the input For reception a separate receive channel from each element followed by coherent demodulation and suitable DSP (Digital Signal Processing) allows any desired nulling algorithm to be implemented with ease.
MAXIMUM DIRECTIVITY (AND GAIN) BY
NULL PLACEMENT
In his book Balanis [3] reviews a number of null distributions for antenna arrays that give optimum trade-offs between sidelobe levels and directivity. (If the antenna is lossless and 100% efficient the antenna gain becomes equal to the directivity). The implication is that the characteristics of any antenna can be almost entirely defined by the null positions. For antennas with element spacings significantly less than U 2 this is found to be true, particularly for the uniform array already described. Placement of all possible nulls then leaves no further degrees of freedom for varying the antenna pattern apart from the element spacing.
The Davies tree approach allows element currents to be computed directly for any optimum set of null positions. However the best null positions for maximum directivity are not easily determined analytically. The fact that maximum directivity comes from maximum pattern suppression by nulls in all but the wanted main lobe direction, suggests an even distribution of null angles but missing out the main lobe direction. In practice this is found to give good initial results with only small further iterative adjustments of null positions being necessary for maximum directivity.
For zero sidelobes all nulls are placed at 180" opposite to the main lobe assumed at an angle of 0'.
SIMULATION PROGRAMME
The Davies tree approach [2] has been implemented in the Mathcad simulation. The worksheet of the detailed programme is shown in Figure 2 for the case of a four element uniform array of vertical dipoles.
The comments on this sheet describe the methods used. All patterns are defined in latitude and longitude angles 8 and @ respectively, but with 8 = 0 at north. The patterns are defined in 60 latitude increments of 3" and 60 longitude increments of 6" giving a total of 3600 directions.
The overall array pattern is created by multiplication of the patterns of the dipole and the three null patterns. The constant a0 is 0.5 for a short dipole pattern and zero if the elements are uniform isotropic sources. We find that a0 = 0.673 gives a pattern almost indistinguishable from a half wave dipole pattern; the patterns then both have the same directivity of 1.64 or 2.15dB.
The directivity D is derived directly from the pattern R , , by the standard pattern integration method; D is the boresight field strength at a given distance divided by the mean field strength at the same distance averaged over the sphere of 47c steradians of sold angle.
For any chosen null angles 8, e2 and t13 and for a choice of dipole type (set by aO) with a chosen element spacing d the worksheet programme calculates the element complex weights Al, A2 and A3 relative to the first element weight AO, which is always set to 1.
The weights are shown as complex numbers and also in polar form of a magnitude and an angle.
A 3D plot is implemented together with E and H field polar plots.
The parameters a l , a2 and a3 allow the three nulls to be nulls of any chosen multiplicity. For multiplicities other than one (unity) the correct patterns are plotted but the element weights A as calculated are not longer valid.
Also the worksheet shown in Figure 2 has been modified to create separate worksheets for 2, 3, and 5
element uniform arrays to obtain the results given below
It also should be noted that any of the nulls may be converted into a lobe adding to the radiation in the boresight direction by changing the sin in its pattern factor into a cos and setting its angle 8 to 0". In general this decreases the maximum gain that can be achieved by optimum placement of the remaining nulls. The comment column in the table indicates whether the null angles have been chosen to give maximum directivity irrespective of the front-to-back ratio or for a chosen value of front-to-back ratio. Some of the conclusions that can be drawn from this table are now given.
RESULTS AND CONCLUSIONS
The directivity values for the very close-spaced 2 to 5 element driven arrays, 1,4,7, and 10, can be seen to be the highest possible for a given number of elements. It suggested that these should be regarded as absolute maxima. Claimed gain figures that are higher than these values for any antenna having dipole elements cannot be regarded as credible.
For a given overall antenna (boom) length the driven element antenna directivity values should be likewise regarded as the maximum possible gain values for antennas with the same boom length and number of elements. The real 2and 3 element Yagis, 1 and 5, are quite near to the theoretical maxima.
A good front-to-back ratio (>25dB) is never compatible with maximum gain.
Four and five element driven antennas with only 2 nulls, (and hence less superdirectivity), (16 and 21) adjusted for 25dB F/B give the best comparability to Yagis with similar spacing or the same overall boom length. -The latitude anglee,, extends for 360 degrees starting from the north pole in 360h degree steps down to the south pole and back up to the north pole on the opposite side of the sphere. This ensures that both sides of the E and H field patterns are plotted.
-As a consequence the longitude angle $, , only extends for 180 degrees in m steps of 180/m degrees, so that the 3 0 pattern is only plotted once and the spherical integration surface is only covered once.
-The Directivity D is the power density (Ro,o)2 in the boresight direction divided by the power density (Rn,,)2 averaged overthe h (steradians) solid angle of the far-field sphere.
-F is the front-to-back ratio.
To set the range and steps of the angle variables: - To convert the matrix from spherical to Cartesian coordinates for the 3D plot: - 
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